The vascular supply to the human bladder is derived mainly from the superior and inferior vesical arteries, the latter being directly connected to the internal iliac artery. Aging is associated with an impairment of blood vessel function and changes may occur in the vasculature at the molecular, cellular and functional level. Pelvic arterial insufficiency may play an important role in the development of bladder dysfunctions such as detrusor overactivity (DO) and the overactive bladder syndrome. Chronic ischemia-related bladder dysfunction may progress to bladder underactivity and it would be desirable to treat not only lower urinary tract symptoms (LUTS) induced by chronic ischemia, but also the progression of the morphological bladder changes. Studies in experimental models in rabbits and rats have shown that pelvic arterial insufficiency may result in significant bladder ischemia with reduced bladder wall oxygen tension. In turn, this will lead to oxidative stress associated with upregulation of oxidative stress-sensitive genes, increased muscarinic receptor activity, ultrastructural damage, and neurodegeneration. The phosphodiesterase type 5 (PDE5) inhibitor tadalafil, the α 1 -adrenoceptor (AR) blocker silodosin, the β 3 -AR agonist mirabegron, and the free radical scavenger melatonin, exerted a protecting effect on urodynamic parameters, and on functional and morphological changes of the bladder demonstrable in vitro. Since the agents tested are used clinically for relieving LUTS, the results from the animal models seem to have translational value, and may be of relevance for designing clinical studies to demonstrate if the drugs may prevent progression of ischemia-related functional and morphological bladder changes.
Introduction
A high prevalence of aging-related bladder dysfunctions and associated lower urinary tract symptoms (LUTS) has been well documented in both male and female patients [Irwin et al. 2006 ]. A number of cardiovascular, metabolic, and endocrine factors can be associated with the development of LUTS [Andersson, 2003; Kaplan, 2006; Mariappan and Chong, 2006; Andersson, 2007; Rosen et al. 2009 ]. Even if LUTS may be multifactorial, evidence from epidemiologic, clinical, and basic research suggests that aging-associated changes in the pelvic vasculature may be an important contributing factor. Several investigators have concluded that vascular risk factors for atherosclerosis, eventually resulting in bladder ischemia, may play a role in the development of LUTS in both men and women [Ponholzer et al. 2006] . A close correlation between history of cardiovascular disease and incidence of lower urinary tract (LUT) dysfunction has been demonstrated [Diokno et al. 1986 ]. Smoking is a known vascular risk factor and has been associated with LUTS in men [Fultz and Herzog, 1996] . A close association between LUTS and erectile dysfunction (ED) has also been documented [Rosen et al. 2003 ]. Recent studies have more directly shown that many cases of LUTS in elderly men and women may be associated with bladder ischemia. Thus, transrectal color Doppler ultrasonography of elderly patients with LUTS showed a significant decrease in bladder blood flow in comparison with asymptomatic younger controls [Pinggera et al. 2008a [Pinggera et al. , 2008b . Improvement of LUTS with α1-adrenoceptor (AR) blocker treatment was associated with a significant increase in bladder blood flow [Pinggera et al. 2008a [Pinggera et al. , 2008b .
Studies of experimental models have shown that pelvic arterial insufficiency and outlet obstruction may result in significant bladder ischemia. These ischemic conditions were shown to reduce the bladder wall oxygen tension, lead to oxidative stress and were associated with upregulation of oxidative stress-sensitive genes, muscarinic receptor over-reactivity, ultrastructural damage, and neurodegeneration [Azadzoi et al. 1999a , 1999b , 2010 , Nomiya et al. 2012 ].
These observations suggest that bladder ischemia and subsequent hypoxia may be important factors contributing to LUTS, particularly in the elderly population. The mechanisms behind the changes in bladder function caused by chronic bladder ischemia, and the time course of the progression of these changes, are incompletely known. In this review, based on evidence from available literature, we discuss the blood flow to the bladder, both in normally functioning bladders and in bladder dysfunctions, the effects of aging on the vasculature, and how aging and chronic ischemia affects bladder function with particular emphasis on chronic ischemia associated with bladder outlet obstruction (BOO) and atherosclerosis. We also discuss possible therapeutic interventions, and suggest some directions for future research.
Bladder vasculature: adaptation to filling and voiding
The main arterial supply to the bladder comes from the internal iliac arteries and normally enters the bladder through between one and four superior vesical arteries, a single inferior vesical artery (of variable origin) and a vesiculo-deferential artery [Braithwaite, 1952; Shehata, 1976] . The bladder base and urethra receive a separate supply from branches of the inferior vesical arteries. The bladder is also variably supplied by small branches of several other arteries arising from the internal iliac arteries. Sarma studied the microanatomy of blood vessels in male (n = 12) and female (n = 8) bladders obtained from post mortem examinations and known to have been free from any bladder disease [Sarma, 1981] . He used radiographs of thin slices of the bladder wall after injection of the vessels with radiopaque contrast and described three plexuses of blood vessels that freely interconnected across the bladder wall, an intramural, an extramural and a submucosal (suburothelial) plexus. The vessels were seen to form an intricate plexus which extended from the extramural plane through the musculature to the lamina propria. There was considerable regional variation in the density of the plexus. Brading and colleagues used an antibody against von Willebrand factor to selectively stain the endothelial cells in blood vessel walls in order to study the micro-anatomy of the vessels in thick cryostat sections of normal pig and human bladders [Brading et al. 1999] . They found that the density of blood vessels appeared to be greater in the lamina propria than in the muscular wall, and that arteries and veins run predominantly in the connective tissue between the muscle bundles, with mainly capillaries penetrating between the smooth muscle fascicles. In thick sections the tortuous course of the blood vessels was clearly apparent. This was also conspicuous in the corrosion casting study on the human bladder wall performed by Miodoński and Litwin [Miodoński and Litwin, 1999] . They identified two major vascular plexuses (adventitial/serosal and mucosal), and distinguished two distinct capillary networks (muscular and subepithelial) in the successive layers of the wall. The striking feature of almost all bladder vessels, except the capillaries, was their tortuosity ranging from waviness to tight coiling. The mucosal plexus consisted of some capillaries, thin arteries (50-100 µm) and more numerous, thicker veins (80-250 µm), showing a tortuous appearance and frequent interlacements; it formed a distinct vascular layer parallel to the inner surface of the bladder and following the profiles of mucosal folds. The rich mucosal plexus followed the folds parallel to their surface and gave off short, straight, mostly perpendicular twigs communicating with the subepithelial capillary network. The subepithelial capillary network showed extreme density and uneven contours of the capillaries, and only in less folded areas of trigone and urethral orifice the network was looser and capillaries thinner. In contrast, the capillary system of the muscularis was poorly developed.
The subepithelial capillary network has been studied in detail by scanning electron microscopy of the rat [Inoue and Gabella, 1991] and human [Congiu et al. 2004] bladder. It was found in rat that the capillaries were located not just close to the urothelium, but within grooves of its basal surface so that some of them were surrounded by urothelial cells. It was suggested that there was a specific physiologic interaction between blood flow and urothelium, the significance of which was unclear [Inoue and Gabella, 1991] . Similar findings have been demonstrated in the bladders of rabbits [Hossler and Monson, 1995] , dogs [Hossler and Kao, 2007] , and mice [Hossler et al. 2013] . The morphological and functional properties of the suburothelial microvessels in the rat and mouse bladders have been extensively studied [Hashitani et al. 2011 [Hashitani et al. , 2012 Hashitani, 2013, Shimizu et al. 2014 ] (see below).
Since the barrier function of the urothelium and contractile functions of the detrusor depend on adequate supply of oxygen and nutrients from the blood, the blood vessels in the bladder wall must be capable of adaptation to the spatial changes resulting from the filling/voiding cycle without compromising the blood flow, and it is reasonable to assume that the arrangement of the bladder wall vessels should make it possible to maintain blood flow during normal filling.
However, blood flow in the bladder is not well understood. It is influenced by several mechanical factors: muscle contraction, compression of urine content, and stretch of tissue layers with bladder distension [Inoue and Gabella, 1991] . Measurements of bladder blood flow during filling, using different methodologies, have shown divergent results with both increased and decreased flow [Brading et al. 1999] . In human bladders without obstruction, there was a twofold increase in bladder blood flow associated with filling, compared with the empty state, as measured with laser Doppler in the posterior wall [Kershen et al. 2002] . Blood flow did not start to decrease until 75% of maximum capacity was reached. Andersson and colleagues found in cats that filling of the bladder induced a sustained increase in vesical blood flow which was related to the bladder volume [Andersson et al. 1985] . Injection of increasing volume of saline decreased bladder vascular resistance. This vasodilation occurred despite a steady state increase in bladder pressure by 25-50 cm H 2 O. Blood flow decreased towards control values when the bladder was emptied. The response was unaffected by blockade of autonomic receptors, but was eliminated by papaverine, indicating that the response was not due to a rearrangement of the vessels at large bladder volumes. The authors speculated that local mechanisms, possibly involving release of prostaglandins, were involved in the vasodilation following bladder distension, thus ensuring good perfusion of the bladder during the vascular rearrangement necessary with an increased surface area.
However, several studies have shown a decreased blood flow in both the mucosa and the detrusor muscle during filling. Nemeth and colleagues, using a microsphere technique in dogs, found a greater fall in the mucosal than in the muscularis blood flow [Nemeth et al. 1977] . This would mean that the mucosa, which has a metabolic rate three times higher than that of the detrusor [Hypolite et al. 1993] , should be the most vulnerable part of the bladder wall. Since the urothelium and suburothelial vessels are located in the periphery of the bladder wall circulation, they may be more readily affected by ischemia than the outer detrusor muscle layers. Hashitani and colleagues therefore proposed that suburothelial microvessels may well have intrinsic properties that maintain blood flow to the urothelium/lamina propria [Hashitani et al. 2011] . A large part of afferent nerves is located to the lamina propria, and they may be activated to signal ischemic insult (e.g. outflow obstruction). Indeed, this seems to be the case. Azadzoi and colleagues showed that in the rabbit bladder, atherosclerosis-induced ischemia caused alterations of neurokinin (NK)2 receptor reactivity and gene expression, an increased number of tachykinin immunopositive nerves, and greater epithelial tachykinin immunoreactivity [Azadzoi et al. 2008 ].
The distribution of the blood vessels with a dense mucosal blood supply may play a role in ensuring that the deeper smooth muscles are protected from exposure to any ions or metabolites that may diffuse through the urothelium from the urine [Brading et al. 1999; Shimizu et al. 2014 ]. The ability of the blood vessels to supply a greatly increased surface area of bladder wall during filling clearly results from the coiled nature of the vessels in the empty bladder. It seems clear that perfusion can be maintained at a normal level as long as the intravesical pressure does not rise more than a few cm H 2 O as it fills. In addition, the bladder wall seems to possess well-developed mechanisms for producing local vasodilatation in response to reduced blood flow.
Aging-related vascular changes
Aging is associated with an impairment of blood vessel function and changes may occur in the vasculature on the molecular, cellular and functional level [Ungvari et al. 2010; Bachschmid et al. 2013; Oakley and Tharakan, 2014; Rubio-Ruiz et al. 2014] . Pathophysiologically, vascular aging is mainly characterized by endothelial dysfunction [el Assar et al. 2012 [el Assar et al. , 2013 Bachschmid et al. 2013] . Vascular aging already starts in young adults by slow and progressive vascular remodeling [Kotsis et al. 2011; Nilsson et al. 2013] , and early signs of declining endothelial function manifest before the fourth decade of life. The aging vasculature displays typical morphological and molecular alterations leading to increased vascular stiffness, reduced compliance, hyperpermeability, and the loss of vascular homeostasis [Kotsis et al. 2011; Nilsson et al. 2013; Bachschmid et al. 2013; Oakley and Tharakan, 2014] . Morphological changes involve intima-media thickening and vascular hypertrophy/hyperplasia accompanied by reorganization of the extracellular matrix [Bentzon et al. 2014 ].
Among the proposed mechanisms that contribute to age-dependent endothelial dysfunction are (a) reduction of nitric oxide (NO) bioavailability by diminished NO synthesis or augmented NO scavenging, (b) oxidative stress, leading to peroxynitrate formation, (c) imbalance in the production of vasoconstrictor/ vasodilator factors, (d) low-grade pro-inflammatory environment, (e) impaired angiogenesis, and (f) endothelial cell senescence [el Assar et al. 2012 [el Assar et al. , 2013 Rubio-Ruiz et al. 2014] . In turn such changes will lead altered replicating potential, change in cellular phenotype, changes in responsiveness to contracting and relaxing mediators, and changes in intracellular signaling functions [Rubio-Ruiz et al. 2014 ].
Ischemia, induced by atherosclerosis, is a common cause of disorders in the elderly, including bladder dysfunction. Intimal thickening in atherosclerosis involves the invasion and de-differentiation of macrophages to lipid-laden foam cells as well as recruitment of vascular smooth muscle cells and neointima formation. This process causes severe luminal reduction, and unstable plaques may promote thrombus formation and arterial occlusive disease [Bentzon et al. 2014 ].
Aging-related changes in bladder function

Blood flow changes
Saito and colleagues compared blood flow to the bladder and detrusor function in vivo and in vitro in young (6-month-old) and aged (24-monthold) male Sprague-Dawley rats [Saito et al. 1999 ]. They found that in both young and old rats, blood flow to the bladder, as measured by a laser Doppler flowmeter, decreased as intravesical volume increased and was smaller in old rats than in young rats. Cystometrograms performed under anesthesia revealed that old rats had smaller voiding pressure and larger bladder capacity than young rats. In isolated bladders, the pressure increase in response to bethanechol and low-frequency field stimulation was impaired by aging. Volume-pressure studies showed that in isolated bladders of old rats, compliance was greater and peak response to field stimulation was observed at a larger capacity. These findings indicate that bladders of older rats have a larger capacity with good compliance, but less contractility. Aging changes correlated with a decrease in blood flow to the bladder. Also in humans, bladder blood flow seems to be reduced with aging. Using transrectal color Doppler ultrasonography, Pinggera and colleagues showed that elderly patients with LUTS had a significant lower bladder blood flow compared with with asymptomatic younger controls [Pinggera et al. 2008a [Pinggera et al. , 2008b .
Bladder receptor changes
In rodents, the muscarinic receptor function has been compared in vitro in bladder tissue from old versus young animals, and also in vivo, most often by cystometry. The results have been contradictory, which may partly be due to strain-specific differences [Andersson, 2011; Bjorling et al. 2015] . Whatever age-related changes in muscarinic receptor functions have been demonstrated in animal bladders, they do not seem to be predictive for what is occurring in humans. A study by Mansfield and colleagues using a radioligand binding assay, showed that the total number of muscarinic receptors in the human male detrusor decreased with age [Mansfield et al. 2005] . They also found a decrease in mRNA expression of M 3 receptors with age in both male and female subjects, while M 2 receptors expression did not change. Due to the lack of highly specific antibodies for the muscarinic receptor subtypes, it was not possible to determine if these changes in mRNA expression were accompanied by a change in protein expression. The functional consequences of the findings were not reported. In detrusor muscle from patients undergoing radical cystectomy, Wuest and colleagues found no age-related changes in muscarinic receptor expression, nor in contractility [Wuest et al. 2005] . Similarly, Fry and colleagues found no evidence for a decline of detrusor smooth muscle contractility or excitability as a function of age, nor any gender difference or presence of pathology [Fry et al. 2011 ]. If there are any consistent age-related changes in muscarinic receptor function in the human bladder, they do not seem to be associated with a change in the response to antimuscarinics: no evidence for reduced therapeutic benefits from such treatment in older patients has been found [Michel et al. 2002; Dubeau et al. 2014 ].
Yoshida and colleagues found a significant positive correlation between age and the purinergic component of human bladder preparation contraction, and a significant negative correlation between age and the cholinergic component of human bladder preparation contraction [Yoshida et al. 2001 [Yoshida et al. , 2004 . The authors studied the neurotransmitter release from the detrusor during electrical field stimulation (EFS), using high-performance liquid chromatography. They found that acetylcholine release and age were significantly negatively correlated, while ATP release and age were positively correlated. In support of this finding, Chua and colleagues found that there was an age-related decrease in P2X1 mRNA expression in bladders from males undergoing cystoscopy for annual bladder cancer review or for investigation of asymptomatic hematuria, and suggested that this downregulation might occur as a result of an increased component of neural ATP release in the aging bladder [Chua et al. 2007 ]. Interestingly, no downregulation was found in obstructed bladders.
Wuest and colleagues studied the putative agedependence of concentration-response curves to the purinergic agonists ATP and α-β-methylene-ATP in human detrusor muscle strips [Wuest et al. 2005 ]. In accordance with the results of Yoshida and colleagues they found that the sensitivity to α-β-methylene-ATP increased with age [Yoshida et al. 2001] .
Clinical symptoms and urodynamic changes
The aging process of both sexes can be associated with significant changes in bladder function and clinical symptomatology. Most LUTS have been suggested to be age-dependent, however, the pathophysiology underlying the various dysfunctions resulting in LUTS is sometimes difficult to establish, since it is often difficult to separate what can be attributed to 'normal' aging from what is caused by co-morbidities. Uroflow studies have demonstrated an age-dependent decrease in Q max [Jørgensen et al. 1992 [Jørgensen et al. , 1993 , which was confirmed and shown to be similar in both sexes [Madersbacher et al. 1998; Pfisterer et al. 2006 ]. However, this was not demonstrable in symptomatic elderly men with nonobstructive voiding dysfunction [Ameda et al. 1999 ].
Detrusor underactivity [Miyazato et al. 2013; Drake et al. 2014; , leading to emptying difficulties and symptoms sometimes overlapping with those of DO, may have many underlying causes. Some of the most frequently discussed are impaired detrusor contractility and decreased sensation [Smith, 2010; . The related condition, 'detrusor hyperactivity with impaired contractile function' (DHIC) [Resnick and Yalla, 1987] can also present with advancing age.
Urodynamic assessment in older patients of both sexes without overt neurological disease have shown varying results. Malone-Lee and Wahedna showed higher residual volumes and lower detrusor shortening velocities, but no changes in isometric detrusor function [Malone-Lee and Wahedna, 1993] . In a series of patients, where the bladder capacity at first void was taken as measure of bladder sensation, this parameter showed a progressive increase with age suggesting an agedependent decrease in bladder sensation [Collas and Malone-Lee, 1996] . This finding has been confirmed by several other investigators [Kenton et al. 2007; Pfisterer et al. 2006 ]. In a clinical study of patients referred for LUTS or UI, Madersbacher and colleagues found an increase in postvoid residual, along with a decrease of flow rates, voided volumes and bladder capacity associated with increasing age [Madersbacher et al. 1998 ]. These findings were similar in both sexes. Pfisterer and colleagues assessed a group of 85 female volunteers aged between 20-90 years with a bladder diary, uroflowmetry and detailed videourodynamics [Pfisterer et al. 2006 ]. Bladder capacity did not change with age, but was smaller in women with DO on urodynamics. Urine production and urine frequency did not differ significantly with age. Bladder sensation, detrusor contraction strength, maximal flow rate and maximum urethral closure pressure were all negatively associated with age. It was concluded that there is a normal functional decline seen with aging in otherwise asymptomatic women. This study thus suggested a progressive decrease in detrusor contraction strength, which was in line with the findings of van Mastrigt, who demonstrated a statistically significant age-related decrease of the detrusor contractility parameter, W max , in both sexes [van Mastrigt, 1992] . Other investigators were unable to show any correlations between bladder contractility and age in symptomatic elderly men with nonobstructive bladder dysfunction [Ameda et al. 1999] , or between maximum detrusor pressure and detrusor pressure at peak flow rate and age in LUTS patients of both sexes [Madersbacher et al. 1998 ].
Age-related changes in the LUT in patients with no signs or symptoms of LUT dysfunction, should be clearly differentiated from pathological alterations seen with conditions such as overactive bladder (OAB) or LUTS. The current available data from animal and human studies demonstrate that aging impacts the LUT function through ultrastructural and physiological alterations. The reported age-related changes in animals do not always correspond to what is found in humans, and should be interpreted with caution. Overall, in humans, bladder sensation and ability to empty the bladder seem to decrease with advancing age as a possible consequence of neuronal loss and remodeling of the bladder and urethra.
Consequences of ischemia/hypoxia
As mentioned previously, bladder ischemia and subsequent hypoxia may be important factors contributing to LUTS, particularly in the elderly population. Expression of hypoxia-inducible factors (HIFs) are considered good functional markers of hypoxia [Semenza, 2009 [Semenza, , 2014 . HIFs are heterodimeric nuclear transcriptional factors consisting of two subunits that regulate transcription of genes mediating cellular homeostatic responses to altered oxygenation [Semenza, 2012] . HIF-1α is an oxygen-dependent transcriptional activator, and activates genes involved in glucose transport and metabolism, up-regulates a gene involved in cell survival and apoptosis, and interferes with extracellular matrix metabolism and epithelial homeostasis. HIF is a heterodimer composed of two subunits -1α and -1β. The HIF-α subunit (HIF-1α and HIF-2α) is oxygen-regulated, whereas HIF-β is expressed constitutively in the nucleus. HIF-1α is expressed in all nucleated cells, and HIF-2α expression is restricted to specific cell types, including vascular endothelial cells [Talks et al. 2000; Wiesener et al. 2003 ]. However, very few HIF-1α and HIF-2α proteins are detectable in normal tissues in normoxia [Talks et al. 2000 ]. The expression of HIF-α in many tissues increases exponentially as oxygen concentration decline [Semenza, 2009] . HIF-1α can also be stimulated by other cytokines in normoxic conditions, but it can also be activated in response to mechanical stress [Christiaansen et al. 2011] .
Pathologic vascular wall remodeling of many common diseases of the blood vessels has been found to be associated with altered activity of the HIF pathway [Lim et al. 2013 ]. Galvin and colleagues demonstrated that isolated normal human detrusor cells responded to hypoxia by upregulation of HIF-1α [Galvin et al. 2004 ]. Hypoxia did not induce cell death, but significantly decreased the rate of proliferation. Koritsiadis and colleagues investigated the tissue distribution of ischemia in human detrusor in patients with BOO and nonobstructed controls, and correlated the results with clinical variables [Koritsiadis et al. 2008 [Koritsiadis et al. , 2010 . In the specimens from the control group only few rare cells showed weak, mainly cytoplasmatic, immunoreactivity to HIF-1α. HIF-1α immunoreactive cells were expressed mainly in the stroma, and the urothelium and detrusor muscle showed no positive staining. Bladder tissue from obstructed subjects showed high immunoreactivity to HIF-1α, and particularly in patients with urinary retention the number of immunoreactive cells was high. Interestingly, Koritsiadis and colleagues found that in patients treated with α-adrenceptor antagonists, the number of HIF-1α immunoreactive cells was the same as in controls, and concluded that medication did not influence tissue hypoxia in chronic bladder outflow obstruction [Koritsiadis et al. 2010 ]. Ekman and colleagues found that HIF activation in outlet obstruction involves mechanisms beyond the accumulation of HIF-1α protein and results in a switch of the energetic support of contraction to anaerobic glycolysis [Ekman et al. 2014 ]. In turn this metabolic adaptation encompasses increased expression of glucose transporters and glycolytic enzymes combined with mitochondrial remodeling, and together, these changes uphold contractility when mitochondrial respiration is limited.
Bladder ischemia
Studies in experimental models in rabbits and rats have shown that pelvic arterial insufficiency may result in significant bladder ischemia with reduced bladder wall oxygen tension [Tarcan et al. 1998; Azadzoi et al. 1999a Azadzoi et al. , 1999b Azadzoi et al. , 2008 Azadzoi et al. , 2010 Nomiya et al. 2012 ]. In turn, this will lead to oxidative stress associated with upregulation of oxidative stress-sensitive genes, increased muscarinic receptor activity, ultrastructural damage, and neurodegeneration [Azadzoi et al. 2010 ]. It has also been shown in rabbits that moderate ischemia causes bladder hyperactivity, whereas severe ischemia causes bladder underactivity [Azadzoi et al. 1999a [Azadzoi et al. , 1999b . In an established rat model where chronic bladder ischemia was induced by iliac arterial injury + high cholesterol diet for 8 weeks, neointimal formation, luminal occlusion, and bladder ischemia could be demonstrated [Nomiya et al. 2012] . Urodynamically, micturition intervals were significantly decreased ( Figure 1 ) and bladder capacity and voided volume significantly lower than in controls. In vitro, contractile responses of bladder strips to KCl, EFS and carbachol were significantly less than in controls. Bladders from the arterial injury animals also showed a significantly increased percentage of collagen deposition in the bladder wall.
It may be discussed whether the decreases in bladder blood flow during the normal micturition cycle demonstrated for example by Brading and colleagues could contribute to bladder injury in certain situations [Brading et al. 1999] . For example, in bladder outflow obstruction there may be repeated episodes of prolonged detrusor ischemia which may cause ischemia-reperfusion injury [Greenland and Brading, 2001; Greenland et al. 2000 ]. In an already ischemic bladder, it may be speculated that the decrease in bladder blood flow during a voiding cycle, particularly with high degrees of bladder filling, may create an ischemiareperfusion episode. With time such repeated episodes could further damage the bladder.
OAB symptoms, with and without associated DO, are often associated with BOO and benign prostatic enlargement (BPE). In obstructed bladders, there is a reduction of blood flow due to the effect of raised intravesical pressure during voiding and/or the increased tissue pressure in the bladder wall during filling [Greenland et al. 2000; Greenland and Brading, 2001 ].
Hashitani and colleagues investigated the properties of suburothelial microvessels in the rat bladder by measuring changes in vessel diameter, membrane potential and intracellular Ca 2 + dynamics [Hashitani et al. 2011] . They found that suburothelial venules showed spontaneous constrictions that primarily relied on periodic Ca 2 + release from intracellular stores. Neighboring perivascular interstitial cells showed spontaneous Ca 2 + transients that may well have a role in generating these spontaneous constrictions. In contrast, suburothelial arterioles were quiescent but could be constricted upon the stimulation of sympathetic nerves that released noradrenaline, which primarily acts on α 1A -ARs. Further studies on the suburothelial vessels in the mouse supported these results [Hashitani et al. 2012; Mitsui and Hashitani, 2013] . It has been shown that normal bladders maintain suburothelial circulation during bladder filling, despite considerable stretch of the bladder wall, and only transient decreases in the blood supply are recorded during voiding [Greenland et al. 2000; Greenland and Brading, 2001] . However, during obstruction, there may be a prolonged decrease in blood flow during the filling phase, and since outflow obstruction is often associated with DO, there may be repeated episodes of ischemia and reperfusion. This may also be the case in aging and atherosclerosis. Since the urothelium and suburothelial vessels are located in the periphery of the bladder wall circulation, they may be more readily affected by ischemia than the outer detrusor muscle layers. Hashitani and colleagues therefore proposed that suburothelial microvessels may well have intrinsic properties that maintain their blood flow [Hashitani et al. 2011 ].
There is evidence from animal experiments of an age-related decrease of both motor and sensory innervation of the rat bladder [Warburton and Santer, 1994; Santer, 2001, 2002] .
Nerves are highly sensitive to ischemia and hypoxia and chronic bladder ischemia secondary to BOO could lead to partial denervation. This was also demonstrated in the obstructed male human bladder, where a reduction of both motor and sensory innervation has been demonstrated [Chapple et al. 1991 [Chapple et al. , 1992 . This might contribute to obstruction-induced male LUTS.
Possible therapeutic interventions
As mentioned previously, it is well established that the causes of LUTS, including the OAB syndrome, are multifactorial and involve many pathophysiologic mechanisms in both men and women [Roosen et al. 2009; Banakhar et al. 2012; Meng et al. 2012; Patra and Patra, 2015] . Particularly in the elderly, age-associated changes in pelvic vasculature, such as atherosclerosis, may be an important contributing factor in both sexes [Ponholzer et al. 2006; Cellek et al. 2014; Michel et al. 2015] . Intimal thickening in atherosclerosis involves the invasion and de-differentiation of macrophages to lipid-laden foam cells as well as recruitment of vascular smooth muscle cells and neointima formation. This process severely reduces vessel lumen diameter, and unstable plaques may promote thrombus formation and arterial occlusive disease.
Vascular endothelial dysfunction occurs with ageing and is an independent risk factor for the development of atherosclerosis and hypertension [Herrera et al. 2010] . Moreover, the abdominal aorta and its branches, especially the bifurcation of the iliac arteries, are particularly vulnerable to atherosclerotic lesions [Tarcan et al. 1998 ]. The vascular supply to the human genitourinary tract, including bladder, prostate, urethra and penis, is primarily derived from the iliac arteries, and atherosclerotic obstructive changes distal to the aortic bifurcation will have consequences for the distal vasculature and for LUT blood flow ]. Pinggera and colleagues found that elderly patients with LUTS had a significant decrease in bladder blood flow in comparison with asymptomatic young individuals [Pinggera et al. 2008b ]. These studies suggest that arterial occlusive disease and concomitant chronic bladder ischemia may produce bladder dysfunction, including DO. However, despite intensive study in various animal models, the mechanisms behind changes in bladder function caused by chronic ischemia are incompletely known, and there is no established treatment. It has been suggested by animal studies that chronic ischemiarelated bladder dysfunction will progress to bladder underactivity Nomiya et al. 2014] , and there is experimental evidence that this may occur [Zhao et al. 2016 ]. As pointed out by el Assar and colleagues, vascular aging was previously considered an 'immutable and inexorable risk factor' [el Assar et al. 2012 ]. However, it is now viewed as a target process for intervention in order to achieve a healthier old age [Michel et al. 2015] .
Treatment with α1-AR blockers and phosphodiesterase type 5 (PDE5) inhibitors, such as tadalafil, sildenafil and vardenafil, have been shown to be effective for treating LUTS associated with benign prostatic hyperplasia (BPH) [Soler et al. 2013] and also mirabegron, the β3-AR agonist, has proven to be an effective treatment of OAB Chapple et al. 2014] . Theoretically, free radical scavengers could also offer interesting treatment options for LUTS/ OAB [Soler et al. 2013 ]. The different mechanisms of action of these drugs support a multifactorial pathogenesis of LUTS/OAB. It is interesting to note that the drugs principles shown to have efficacy in the treatment of LUTS, also shows efficacy in the model of chronic bladder ischemia in rats (Table 1) .
α 1 -AR blockers The LUT, including bladder, prostate, and urethra smooth muscle and the LUT vasculature, contains α-ARs that in various ways contribute its function [Michel and Vrydag, 2006; Andersson and Gratzke 2007; Yamada and Ito, 2011] . Generally, α 1 -ARs are predominating, and molecular clones have been isolated for three α 1subtypes (α 1A , α 1B , and α 1D ), and these subtypes have been functionally characterized. The α 1A -AR mRNA is the most abundantly transcribed in the prostate, urethra and bladder neck of many species, including humans, but the expression pattern may change with pathologies (e.g. bladder outflow obstruction). Yono and colleagues compared 3 and 22-month-old male Fischer rats, male normotensive Wistar-Kyoto (WKY) rats and spontaneously-hypertensive rats (SHRs), and found that the 22-month-old rats and SHRs had significantly higher total α 1 -AR density in the internal iliac artery and lower blood flow to the bladder and penis than 3-month-old and WKY rats [Yono et al. 2011 ]. Analysis of mRNA by RT-PCR showed an age-and hypertensionrelated increase in the expression of α 1B -AR mRNA in the internal iliac, vesical and internal pudendal arteries and a switch from α 1A predominance in 3-month old and WKY rats to α 1B > α 1A in 22-month-old rats and SHRs. It was concluded that age and hypertension may cause alterations in vascular α 1 -AR subtype distribution and in blood flow to the rat bladder and penis. These findings suggest that pharmacological blockade particularly of the vascular α 1B -AR could increase pelvic blood flow, which may contribute to improvement of bladder dysfunction associated with reduced blood flow.
By blocking the α 1 ARs, selective α 1 -AR antagonists can increase blood flow to the LUT, relax ischemia-induced contraction of LUT smooth muscle, decrease afferent signaling and oxidative stress, and possibly indirectly affect the central nervous system [Michel and Vrydag, 2006; Andersson and Gratzke, 2007; Michel, 2010] . Antagonists for the α 1 -AR are currently the firstline therapy option for LUTS associated with BPH [Michel, 2010; Lepor et al. 2012 ], but have also been shown to improve LUTS without outflow obstruction [Lepor et al. 2012] .
In 4 healthy men and in 19 patients with LUTS, treated with daily 0.4 mg tamsulosin for 5 weeks, urodynamic variables, vesical and prostatic blood flows were investigated before and after treatment using transrectal color Doppler ultrasound (TRCDUS) and measurement of the color pixel density (CPD) [Pinggera et al. 2008a] . It was found that in the healthy men, perfusion of the LUT increased considerably (157%) during filling of the bladder to a mean maximum cystometric capacity (C max ). All the patients with LUTS had a reduced mean C max during filling. The mean CPD in the urinary bladder and the prostate were only increased by 58.4% during filling. After α 1 -AR-blocker therapy (tamsulosin) the mean C max during filling increased and perfusion of the LUT measured by CPD was significantly increased (132.8%). The authors concluded that LUTS are associated with chronic ischemia of the prostate and urinary bladder, and that α 1 -ARblockers increase perfusion in the LUT and C max .
Goi and colleagues demonstrated in a rat model of chronic pelvic ischemia that α 1 -AR blockade with silodosin increased bladder blood flow, both in the empty bladder and during bladder filling [Goi et al. 2013] . Markers of oxidative stress were significantly decreased and the drug mitigated signs of bladder dysfunction in a metabolic cage study and on cystometry: micturition frequency was normalized, and the mean voided volume was increased, both in the absence of any change in urine production. These results suggest that restoration of bladder blood flow through α 1 -AR inhibition may improve bladder function caused by chronic bladder ischemia.
PDE5 inhibitors
In male LUTS, the therapeutic effects of PDE5 inhibitors such as tadalafil, sildenafil, and vardenafil have been well summarized in several reviews (e.g. [Lythgoe and McVary, 2013; Gacci et al. 2014] ). Their mechanisms of action have not been established, but an increased pelvic organ blood flow/perfusion in the LUT has been suggested Giuliano et al. 2013; Gacci et al. 2016] . PDE5 inhibitors also appear to modulate afferent activity [Behr-Roussel et al. 2011; Minagawa et al. 2012 ] upregulate cyclic guanosine monophosphate (cGMP)/ protein kinase G (PKG) activity [Lythgoe and McVary, 2013] , downregulate Rho kinase activity , and possibly reduce inflammation [Vignozzi et al. 2013] .
In a randomized controlled trial (RCT), Pinggera and colleagues, using transrectal ultrasonography, compared the effects of tadalafil 5 mg/day and placebo given for 8 weeks to men with moderate to severe LUTS/BPH [Pinggera et al. 2014] . They found no differences between the treatments, but did not exclude that changes in blood flow may have occurred, which for several reasons could not be detected. Interestingly, Pinggera and colleagues, using TRCDUS , had previously and quite convincingly demonstrated that tamsulosin could increase perfusion to the LUT [Pinggera et al. 2008b ].
In rats with chronic bladder ischemia, addition of tadalafil or mirodenafil protected bladder function and morphology, resulting in decreased bladder hyperactivity [Nomiya et al. 2013a; Choi et al. 2015] . Interestingly, Garcia-Barroso and colleaguesfound that in mice, tadalafil can cross the blood brain barrier and reverse cognitive function an Alzheimer's disease [Garcia-Barroso et al. 2013 ]. If this is valid also for humans, tadalafil may be an interesting alternative for treatment of LUTS in the elderly.
Provided that the chronic ischemia model mimics the situation in humans, available data support the use of PDE5 inhibitors in the treatment of bladder dysfunction induced by chronic ischemia. It also seems reasonable to suggest that PDE5 inhibition may also be useful in the prophylactic setting, to slow progression.
Free radical scavengers
The oxidative stress theory of aging states that accumulation of reactive oxygen species (ROS) occurs with age and leads to functional alterations and pathological conditions [Kregel & Zhang, 2007; Nocchi et al. 2014] . The antioxidant effects of melatonin, either administered at a low dose via drinking water (2.5 mg/kg/day) or at a high dose via gavage (20 mg/kg/day), have been tested on the ischemic rat bladder [Nomiya et al. 2013b ]. While chronic treatment with melatonin did not prevent the development of arterial occlusive disease (although, in the high-dose group it was reduced), there were beneficial effects on bladder function and morphology. A prolonged micturition interval and an increase in bladder capacity were observed with melatonin treatment; while these benefits failed to reach statistical significance with low-dose melatonin, they were almost normalized at the high dose. High-dose melatonin also significantly improved markers of oxidative stress and NOS expression, and there were significant improvements in all the functional and morphological variables compared with the untreated iliac arterial ischemia group. It was suggested that chronic melatonin treatment helps to protect bladder function and morphology, probably through its antioxidative action. Whether these proof-of-concept data can be extrapolated to humans is unclear; the doses used are very high, and it is unlikely that high-dose melatonin will become a treatment for chronic bladder ischemia in humans.
β 3 -AR agonists β 3 -AR agonists (e.g. mirabegron) stimulate adenylyl cyclase causing an increase in cAMP, which activates potassium channels causing hyperpolarization. Both these effects result in smooth muscle relaxation [Takasu et al. 2007; Hatanaka et al. 2013 ]. Thus, it can be assumed that these agents could prevent spontaneous bladder activity, thereby (1) increasing bladder compliance by decreasing bladder tone during filling;
(2) increasing the threshold of the level of distension required to activate the micturition reflex, increasing bladder capacity; and (3) decreasing afferent activity, with a corresponding effect on symptoms. These agents appear to have little or no effect on voiding contraction, resulting in a reduced risk of urinary retention.
Sawada and colleagues showed that 8 weeks of treatment with mirabegron appears to protect bladder function and morphology, resulting in reduced bladder hyperactivity in the chronically ischemic rat bladder, with comparable effectiveness to that seen with PDE5 inhibitors [Sawada et al. 2013 ]. If these findings are valid for humans, they support β 3 -AR agonism as a potential treatment option for chronic ischemia-related bladder dysfunction.
Stem cell treatment
Based on the anti-inflammatory, anti-apoptotic, and antifibrotic actions of stem cells, Chen and colleagues injected a rat mesenchymal stem cell suspension into the common iliac artery of rats with chronic ischemia-induced bladder detrusor dysfunction, followed by intragastric administration of doxazosin mesylate [Chen et al. 2012] . They showed that transplanted stem cells regenerated the bladder tissue, increased the proportion of smooth muscle and nerve cells in the bladder wall, and improved the contractile function of the detrusor muscle. Interpretation of these results is, however, limited by the absence of a control group not treated with doxazosin. Whether these effects can be clinically applied to patients with LUTS/OAB is yet to be explored.
Future perspectives
There is evidence that chronic bladder ischemia and oxidative stress may be important factors contributing to the development of LUTS (Figure 2) , particularly in the elderly. Consequently, improvement of LUT perfusion and control of oxidative stress as therapeutic strategies may be expected to have beneficial effects on chronic ischemia-related bladder dysfunctions. It has been suggested by animal studies that chronic ischemia-related bladder dysfunction will progress from DO/OAB to Detrusor Underactivity (DU)/ Underactive Bladder (UAB), and that drugs with different mechanisms of action, such as α 1 -AR antagonists, PDE-5 inhibitors, free radical scavengers and β 3 -AR agonists may not only to protect against functional changes, but also to prevent the decrease in bladder muscle contractility and the detrimental structural changes. Future clinical studies are necessary to demonstrate the validity of these effects in humans.
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